WORLD INTELLECTUAL PROPERTY ORGANIZATION 
International Bureau 




per 

INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT) 



(51) International Patent Qassification 5 
H02K 1/12, HOIF 17/00, 3/00 



Al 



(ll)Internati nal Publication Number: 
(43) IntematiODal Publication Date: 



WO 91/09442 

27 June 1991 (27.06.91) 



(21) International Application Number: PCT/US90/07585 

(22) International Filing Date : 20 December 1 990 (20. 1 2.90) 



(30) Priority data: 
453,616 



20 December 1989 (20. 12.89) US 



(71X72) Applicant and Inventor: BENFORD, Susan, M. [US/ 
US]; 20791 Avalon Drive, Rocky River, OH 441 16 (US). 

(74) Agents: KREEK, Louis, F., Jr. et ah; Oldham & Oldham 
Co., 1225 West Market Street, Akron, OH 44313 (US). 



(81) Designated States: AT (European patent), BE (European 
patent), CH (European patent), DE (European patent), 
DK (European patent), ES (European patent), FR (Eu- 
ropean patent), GB (European patent), GR (European 
patent), HU, IT (European patent), JP. KR, LU (Euro- 
pean patent), NL (European patent), SE (European pa- 
tent), SU. 



Published 

With international search report. 




(57) Abstract 

The invention is directed to an extremely low loss, low cost construction for magnetic flux return paths which may be uti- 
lized in electrical or electromechanical devices which include a changing magnetic fields. The magnetic flux is directed from one 
part of such a device to another through the magnetic flux return path, and have been susceptible to losses associated with eddy 
current flow and hysteresis. To minimize such losses, the magnetic flux return path is constructed of at least one layer formed 
from discrete magnetic material wire wrapped or otherwise formed in the desired return path configuration (26 m Figure 10). 
Forming the magnetic flux return path using layers of magnetic material wire provide ease of construction in certain applications 
and greatly reduce losses due to the smaller cross section of wire to eddy current flow and because of the minimization of skin 
effects associated with high frequencies and harmonics. The magnetic flux return path along with the method to form the fiux re- 
turn path are set forth. 
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MAGNETIC FLUX RETURN PATH FOR AN ELECTRICAL DEVICE 

BACKGROUND OF THE INVENTION 
The invention is directed to electrical and 
electromechanical devices in which fluctuating magnetic 
fields are used to produce current flow^ voltage, 
torque or other phenomena. More particularly, the 
invention is directed to a novel magnetic circuit which 
allows more efficient operation of electrical and 
electromechanical devices utilizing fluctuating 
magnetic fields which includes a magnetic flux return 
path with very low loss and an extremely flexible 
design. 

In many electrical and electromechanical 
devices, fluctuating magnetic fields are utilized to 
produce current flow, voltage or torque to achieve 
desired output or work from the device. Such devices 
commonly include motors which utilize a rotor having 
permanent magnets producing a rotating magnetic field 
as the permanent magnets are rotated. Other examples 
of electromechanical devices include transformers which 
may contain a core of a high permeability magnetic 
material which acts to link one part of the transformer 
to another through electromagnetic fields generated 
within the core. Magnetic flux variation produced by 
means of an electromagnetic coil or primary winding 
energized by alternating current produces a varying 
magnetic flux within the magnetic circuit thereby 
inducing electric current proportional to the rate of 
variation of the magnetic flux in a secondary winding. 

In both the motor and transformer devices, the 
fluctuating magnetic fields may lead to losses 
associated with eddy currents and hysteresis within the 
magnetic circuit. For example, in the case of a 



wo 91/09442 PCr/US90/07585 



trans foirmer of normal construction, heat losses can 
develop with low frecpaency alternating current 
applications due to the resistance of the primary and 
secondary windings and eddy currents set up in the core 
of the transformer. Additionally, if the magnetic flux 
return path is such that magnetic saturation occurs, 
hysteresis losses may also be induced. In motors, 
where fluctuating magnetic fields are utilized to 
produce torque and power in an output shaft, the 
magnetic flux is directed from one magnetic pole to 
another found on a rotor through a fixed flux path. As 
the magnetic field within the return path varies due to 
rotation of motor parts, similar losses as with a 
transformer are induced. 

Also, with electrical and electromechanical 
devices using high frequency alternating currents, both 
eddy current losses and hysteresis losses become 
greater due to the greater flux density within the 
magnetic material. Additionally, with high frequency 
applications, skin effects and magnetic saturation 
become of greater concern. Both eddy current and 
hysteresis losses generate heat which presents a major 
design problem for the electrical and electromechanical 
devices in which the magnetic circuit is used. To 
minimize hysteresis losses, previous applications have 
resorted to increasing the thickness of the flux return 
path to avoid magnetic saturation of the material. 

Previous designs have also attempted to 
minimize eddy current losses by constructing the 
magnetic flux return of laminations or a number of. thin 
iron plates which are insulated from one another. 
Special forms of transformer cores which are designed 
to minimize losses through linkage fields, are the 
spirally wound cores and toroidal cores. At low 
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frequencies, eddy current losses are a function of the 
thickness of the laminations making up the core and 
flux return path. Similarly, at high frequencies, both 
eddy current losses and hysteresis losses may be 
dependent upon the thickness of the laminations due to 
skin penetration effects. Thus, in the design of the 
magnetic circuit in these electrical and 
electromechanical devices, losses are generally 
minimized by providing a thick flux return path thereby 
avoiding saturation of the iron material normally used 
in their construction. The return path is made of a 
number thin laminates from a material having a high 
magnetic permeability wherein normally very thin 
laminates are desirable. Unfortunately, the degree of 
thinness obtainable for the laminations is limited by 
construction and fabrication associated problems as 

well as by cost. 

As an example, a slotless brushless motor 
backiron using a plurality of laminations may be . 
designed having a radial thickness of about 0.06a 
inches to accommodate a flux density which is limited 
to about LOT. The flux density can be limited to l.OT 
when the rotor magnets have a flux density of about 
0.4T which is a typical value for high flux ceramic 
magnets. A backiron construction having the desired 
thickness may be constructed of multiple laminations 
having conventional thicknesses of about 0.014 to 0.025 
inches. Thinner laminations are possible but add to 
the cost of fabrication. For a typical DC motor with 
an output of 50 watts at 20,000 RPM the backiron 
parameters conventionally employed are a stack length 
of 1.5 inches and a diameter of 2 inches. To form a 
radial thickness of about 0.060 inches, the backiron 
weight will be approximately 0.167 pounds which must be 
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considered in -the design of the motor. With a slotless 
brushless motor as described, the loss in the magnetic 
flux return path or backiron can be calculated as 
follows: 
(2) 

I^, = afB^2 ^ b(tfB^)2 

where I^j is the loss in the backiron in 
watts/kg' a and b are constants depending on the 
properties of the material, f equals the flux frecjuency 
in Hz., Bp equals the flux density in the backiron in 
Tesla, and t equals lamination thickness in 
millimeters. In the equation for calculating the loss 
in the backiron as described above, the values of a and 
b will be known. For example, using an AISI grade M-15 
iron laminate which is typically used for such 
laminations, these constants will have values of a = 
0.019 and b = 6.2 X 10"*. Flux saturation levels in 
most irons occurs at approximately 1.2 to 1.6 T and 
therefore saturation effects will not be considered in 
this example as the flux density has been limited to 
about 1.0 T. For a typical DC motor construction with 
the backiron as described above and an output of 50 
watts at 20,000 RPM, the backiron stack length of 1.5 
inches would require about 107 laminations which are 
about 0.014 inches in thickness or approximately 60 
laminations if the thickness is about 0.025 inches. 
Cost considerations would require choosing between 
better performance characteristics for thinner 
laminations or less cost for the thicker laminations. 
The backiron loss, Lgj, for a construction using the 
lamination thickness of 0.025 inches with a radial 
length of about 0.060 inches for a 20,000 RPM, 2-pole 
pair motor calculates to a loss of about 13.7 watts 
which for a 50 watt output constitutes a 27.4% loss of 
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the output power. It should be recognized that the 
loss calculated above is for eddy current losses and 
has assumed that no magnetic saturation occurs 
resulting in other losses. The loss due to eddy 
currents is significant in itself and must be 
considered in the design of the motor. 

Thus, in electrical and electromechanical 
devices which utilize varying magnetic fields, the 
magnetic flux return path would desirably be designed 
to carry any expected magnetic fields in the device 
with lower loss. The expected magnetic fields 
therefore dictate the requirements of the magnetic flux 
return path as to the material permeability and 
geometry necessary to channel a fluctuating magnetic 
field with low losses. 

Other various electrical and electromechanical 
devices and examples of magnetic circuit design which 
attempt to limit losses are shown in U. S. Patent Nos. 
4,459,653, 4,233,583, 4,065,705, 3,890,019 and 
3,719,583. 

SUMMARY OF THE TWVENTION 

Based upon the foregoing, there has been found 
a need to provide a magnetic circuit having a magnetic 
flux return path which allows further reduction of 
losses related to eddy currents or hysteresis in a very 
efficient and cost effective manner. There has also 
been found a need to provide a magnetic circuit having 
a magnetic flux path which greatly minimizes losses and 
provides ease of construction thereby enabling higher 
efficiency and lower manufacturing costs. 

It is therefore a main object of the invention 
to provide a magnetic circuit usable with a variety of 
electrical and electromechanical devices which greatly 
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minimizes resistive losses as well as losses occurring 
due to eddy currents and hysteresis. 

It is a further object of the invention to 
provide a magnetic circuit having a magnetic flux 
return path which greatly minimizes eddy current losses 
and hysteresis losses over a broad frequency spectrum 
and which is simple and cost effective to manufacture. 

Another object of the invention is to provide a 
novel design for electrical and electromechanical 
devices utilizing fluctuating magnetic fields to 
produce current flow, voltage, torque or other desired 
effects and having a magnetic circuit with low losses 
internal to the magnetic material utilized for the 
circuit. 

It is a further object of the invention to 
provide a magnetic circuit having a magnetic flux 
return path which can be designed to carry expected 
magnetic fields with less strict requirements on 
inaterial permeability and geometry of the circuit and 
its construction. 

It is yet another object of the invention to 
provide a method of producing a magnetic circuit 
element for a variety of electrical and 
electromechanical devices which provides very low eddy 
current losses and hysteresis losses over a broad 
frequency spectrum, and which is simple and cost 
effective to manufacture. 

These and other objects of the invention are 
accomplished by a magnetic circuit which comprises a 
plurality of discrete windings of magnetic material 
wire wrapped or otherwise formed into layers to form 
the desired flux return path configuration. The layers 
of magnetic material wire substantially minimize losses 
due to eddy currents or hysteresis because of the 
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smaller cross section of wire to eddy currents and 
because of the minimization of skin effects associated 
with high frequencies and harmonics. The layers of 
magnetic material comprise high permeability material 
wire to form the low loss magnetic circuit. Eddy 
currents within the magnetic flux return path are then 
carried by the individual wires in the layers forming 
the flux return path. In this way, the cross section 
to eddy currents become the cross section of the wire, 
rather than a laminate edge as in conventional 
constructions, thereby reducing resistive losses and 
skin effects. The high magnetic permeability wire 
layers can be formed of smaller dimensional wire to 
further reduce eddy current losses and hysteresis 
losses over a broad frequency spectrum. The layers of 
magnetic material wire can be constructed of any wire 
geometry as for example square, flat, round, oval, 
triangular or other desirable cross sections to allow 
various packing characteristics in the layers f or - 
different applications. The magnetic material wire 
layers may be formed from a low cost material and 
provide great flexibility in fabrication and 
manufacturing for specific applications. 

The method of producing the magnetic circuit 
of the invention for a broad span of devices, wherein 
the magnetic circuit provides very low eddy current 
losses and hysteresis losses over a broad frequency 
spectrum is also set forth. The method allows a 
variety of electrical and electromechanical devices to 
be designed for higher efficiency at a lower 
manufacturing cost. The maqneti c_rJ.rcu it Xs^ 
constr ucted fro m a plurality of _ la^ers_o£_aL-bi.gh 
permeability material wire which may be wrapped or 
wound in the general direction of the desired magnetic 
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flux flow. It is also found that individual layers in 
the magnetic circuit construction are tolerant to 
cross-layer and cross-winding fields enlarging the 
scope of use of the circuit. 

BRIEF DESCR IPTION OF THE HPAWINGS 

These and additional objects and advantages of 
the invention will become more apparent to those 
skilled in the art as the detailed description of the 
invention proceeds in conjunction with the drawings, 
wherein : 

Fig. 1 is a side elevational view shown in 
section, of a DC brushless slotless motor having two 
pole pairs; 

Fig. 2 is an end elevation shown in section of 
the motor of Fig. 1; 

Fig. 3 is an enlarged sectional view of the 
magnetic flux return path of the invention for a 
fluctuating magnetic field; 

Fig. 4 is a perspective view of a transformer 
using the magnetic flux return path of the invention to 
couple the primary and secondary windings of the 
transformer ; 

Fig. 5 is a perspective view of the magnetic 
flux return path as shown in Fig. 4; 

Fig. 6 is a side elevational view of the 
magnetic flux return path as shown in Fig. 5; 

Fig. 7 is a front elevation of the magnetic 
flux return path as shown in Fig. 5 demonstrating its 
construction for use with the transformer of Fig. 4; 

Fig. 8 is a perspective view of a magnetic flux 
return path usable with an E-core transformer 
appl icat ion ; 
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Fig. 9 shows a torroidal magnetic flux return 
path for use in a torroidal transformer; and 

Figs. lOa-lOe show partial cross sections of 
various magnetic material wire usable in the magnetic 
flux return path. 

pFTAIUin nESCRIPTTON OF THE INVENTION 
Turning now to Figs. 1 and 2, a generalized DC 
slotless, brushless motor 10 is shown. The motor 10 
includes a cylindrically symmetric rotor 12 comprising 
an output shaft 14 having a soft iron fixed flux path 
16 and two pole pairs of permanent magnets 18 situated 
on the rotor 12. The rotor 12 is supported for 
rotational movement about the output shaft 14 inside a 
concentrically wound field stator 20 by means of 
bearing supports 22 supporting the output shaft 14 of 
the motor 10. A direct current is introduced into the 
field winding 24 of the stator 20 to cause the 
rotational movement of the rotor 12 and the permanent 
magnet pole pairs 18 thereof. The soft iron fixed flux 
path 16 provides a low reluctance path for the magnetic 
field generated by the permanent magnet pole pairs 
whose polarity is indicated in Fig. 2. The magnets 18 
may be of conventional design and are typically 
constructed of samarium cobalt, barium or strontium 
ferrite, neodymium iron magnets or the like. The 
magnetic circuit, indicated at 30 in Fig. 2 is 
completed by the addition of the magnetic flux return 
path 26 embodying the principles of the present 
invention. 

The magnetic flux return path 26 for the 
rotating magnetic field produced by the permanent 
magnets 18 of the rotor 12 is formed by making a 
multilayer^winding assei^l^ of discrete high 
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permeability material wire. The magnetic flux return 
path 26 for the rotating magnetic field produced by the 
rotor permanent magnets 18 provides very low eddy 
current losses and hysteresis losses over a broad 
frequency spectrum of operation. The low loss magnetic 
flux return path forming part of the magnetic circuit 
of the motor 10 achieves very low eddy current losses ^ 
and hysrerssi's iosse§ by forming the flux path over a ^ 
plurality of high permeability magnetic wires which are 
wrapped into layers so as to extend the length of the 
produced magnetic field. The flux return path 26 also € 
has a thickness such that the material does not become 
magnetically saturated leading to hysteresis losses. 

Additionally, as compared to the conventional 
use of thin laminations of iron wherein the cross 
section to eddy currents become the cross section of 
the laminate edge, the magnetic flux return path 26 of 
the present invention reduces eddy current losses by 
forming the cross section to eddy currents as the cross 
section of the magnetic material wire thereby reducing 
resistive losses commonly found at the laminate edges 
in a conventional construction. As seen in Fig. 3, 
eddy currents 32 are formed in each individual magnetic 
flux return path element or wire 34 which make up flux 
return path 26. This effect can be facilitated by ^ 
forming the high permeability magnetic material wires 
of smaller dimensional cross section to further reduce 
eddy current and hysteresis losses over a broad 
frequency regime. 

As seen in Fig. 1, the magnetic flux return 
path 26 of the present invention is constructed by the 
use of thin flat high permeability material wire which 
is wrapped in a multilayer, close turn coil form over 
the extent of the magnetic field produced by the 
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permanent magnets 18 situated on the output shaft 14. 
The expected magnetic fields produced by the permanent 
magnets 18 determine the thickness of the multilayer, 
close turn magnetic flux return path 26 to prevent 
saturation in the flux return path. As seen in Fig. 2, 
the magnetic circuit 30 shows that magnetic flux from 
the north pole magnet is directed through the field 
winding 24 and into the wound magnetic flux return path 
26. once in the magnetic flux return path 26, the flux 
is distributed in a generally circumferential path in 
the multiple layered backiron construction and then 
returns to the south pole magnet of the rotor 12. The 
magnetic circuit is completed with the solid soft iron 
member 16 and subseguently back into the north pole 

magnet as shown. 

The magnetic fltix produced by the rotating 
rotor 12 thus forms a loop from north pole into the 
wound return path and back into the south pole^ 
following the direction of the high permeability path 
formed by the return path of the invention. The 
individual layers of high permeability wire may be 
wrapped or wound in the general direction of the 
desired flux, but it should be recognized that 
individual layers may be crossing the flow of flux in 
some areas. The magnetic flux return path 26 will not 
significantly disturb the flux distribution or flux 
magnitude at the regions of such crossings as long as 
the length of the crossing path is minimized. The 
individual layers of wound wire are tolerant to cross- 
layer and cross-winding fields as long as the crossing 
length is short and the packing fraction of the wire 
layers is high. It should be evident that a "solenoid- 
construction is possible for a motor backiron 
construction wherein the produced magnetic field will 
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cross strands of wire along some segment of the 
solenoid construction, but in general will follow the 
direction of the wound flux return path. 

In the motor 10, the magnetic circuit 30 as 
seen in Fig, 2 interacts with an opposing magnetic 
field produced by current flowing in the field winding 
24 thereby producing a reaction torque which causes the- r 
shaft 14 to which the magnets 18 are coupled, to 
rotate. The soft iron core 16 to which the magnets 18 
are attached experiences only a fixed magnetic flux in 
the motor 10 and therefore if element 16 is not ^ 
magnetically saturated, there will be no motor 
performance loss due to hysteresis or eddy currents. 
It should be recognized however, that as the shaft 14 
rotates, a given sector of the magnetic flux return 
path 26 will experience a magnetic field increase to a 
high value and then a decrease to zero each time a 
magnetic pole pair rotates pass a given position. This 
increase then decrease in magnetic flux causes an 
electrical current to be generated in the magnetic flux 
return path material which has conventionally caused a 
power loss exhibited as heat loss. in addition, the C 
reversing magnetic field may also produce hysteresis 
losses. 

The wound cross section of high permeability 
magnetic material wire forming the magnetic flux return 
path 26 can significantly reduce heat losses especially 
in high field strength and high frequency applications. 
The efficiency of the magnetic circuit will depend upon 
the size of magnetic material wire chosen and the 
frequency of operation which may be defined as the 
rotational speed times the number of pole pairs in the 
motor. Both hysteresis and eddy current losses are 
proportional to the square of the flux density. Also, 
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hysteresis losses are proportional to the frequency of 
operation and eddy current losses to the square of the 
frequency. The magnetic circuit return path 26 thus 
will reduce eddy current and hysteresis losses by 
better accommodating the flux generated in the circuit 
especially at higher field strengths and higher 
frequencies . 

Losses may also occur due to skin effects 
especially at higher frequencies which occur where 
lines of flux are squeezed to the outer perimeter of 
the flux bearing structure. As flux density in the 
perimeter increases towards saturation, heat losses may 
also increase. As long as the thickness of the 
magnetic flvix return path 26 is chosen to accommodate 
the expected magnetic fields and prevent saturation, 
skin effects can be minimized. Also, the use of 
smaller cross sectional wire as opposed to laminates or 
larger diameter wire can minimize the potential for 
skin effects. 

Thus, in the design of the magnetic flux return 
path 26, the backiron is close wound with a high 
permeability wire into multiple layers as shown. The 
number of layers is chosen to provide a flux path of 
sufficient depth to prevent saturation in the return 
path 26. Similarly, the wire cross section dimensions 
are determined by the acceptable eddy current and 
hysteresis losses in the particular application for the 
motor 10. As shown in Pig. 1, the high permeability 
wire used is a thin, flat wire which is susceptible to 
standard coil winding techniques to enable forming of 
the magnetic flux return path 26 at a very low cost. 
Additionally, due to the greater effectiveness of the 
flux return path, very low cost materials such as very 
low carbon iron rather than high silicone or high 
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nickel iron can be used. it should be evident that the 
magnetic flux return path 26 can be manufactured easily 
and effectively at a very low cost while operating more 
efficiently than with use of thin laminations or the 
like. It is important that the packing fraction of the 
individual wires in the layers forming the magnetic 
flux return path 26 be high to avoid skin effects and 
facilitate efficient fltix S^ 

standard coil winding techniques can achieve a very 
high packing fraction such that manufacturing can be 
accomplished cost effectively. Similarly, changes in 
size or shape requirements can also be made with little 
or no cost in procedures or tooling for their 
production . 

As an example, a backiron construction formed 
utilizing the magnetic circuit of the present invention 
including a magnetic flux return path constructed of 
close wound magnetic material wire may be designed as 
follows. For a typical brushless, slotless DC motor 
with an output of 50 watts at 20,000 RPM, the backiron 
parameters may comprise a stack length should be about 
1.5 inches having a diameter of about 2 inches. The 
backiron radial thickness would be about 0.060 inches 
to limit the flux density to about l.OT when the rotor 
magnets have a flux density of 0.4T. For a wire wound 
backiron construction in accordance with the invention, 
a flat ribbon wire may be used which has dimensions of 
about 0.06 inches width and 0.005 inches in thickness. 
To accommodate the expected magnetic fields, 25 turns 
of flat ribbon wire per layer and 12 layers will give a 
backiron construction having the desired parameters. 
The wire wound backiron construction can be fabricated 
using a standard coil winding machine. For a 20,000 
RPM, 2-pole pair motor having a 50 watt output, the 
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loss associated with a backiron construction in 
accordance with the present invention will be about 
1.88 watts or about 3.7% of the total output power. As 
compared with a typical motor construction using thin 
laminations in the construction of the backiron, an 
extremely significant improvement in the efficiency of 
the motor and the magnetic circuit thereof is achieved 
with a lower cost construction. 

As a design consideration, the cross section of 
the wires making up the wound magnetic return path can 
be chosen for each particular application so as to 
operate as effectively and efficiently as possible. 
The skin penetration depth of the magnetic field will 
depend upon the particular cross section of the high 
permeability wire. The skin penetration depth can be 
found for a round wire and extrapolations can be made 
to other cross-sectional shapes in the design of the 
magnetic flux return path 26. 

The application of the wound magnetic flux 
return path of the present invention is quite general 
and is not limited to a motor application as shown in 
Figs. 1 and 2, but may be used in other applications. 
The low cost materials and fabrication techniques make 
the use of a wound magnetic flux return path both easy 
and cost effective. The wound magnetic flux return 
path using magnetic material wire having small cross 
sectional area which is wound to provide high packing 
fraction is especially useful in high frequency 
applications wherein its low cost and superior 
performance are extremely beneficial. The reduction of 
eddy current and hysteresis losses is especially 
apparent at high frequencies where skin effects are 
also minimized. 
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As shown in Figs. 4-7, another application in 
Which the magnetic flux return path of the invention 
may be utilized is with a transformer 50. The 
transformer 50 comprises a primary winding 52 as well 
as a secondary winding 54 used for stepping up 
alternating current to high voltages or stepping down 
the' voltage at the point of consumption, a magnetic 
flux variation is produced by means of the primary 
winding 52 energized by alternating current such that 
an induced electric current can be obtained from the 
secondary winding 54 of the transformer 50. The 
primary winding 52 and secondary winding 54 are mounted 
on a core 56 which acts as the magnetic flux return 
path completing the magnetic circuit in the 
transformer. In the construction of the transformer 
50, a solid square coil may be first wound of a 
thickness to contain the magnetic field expected from 
the primary winding 52 and with wire dimensions chosen 
to avoid skin effects. This solid square coil forming 
the magnetic flux return path is shown in Fig. 5 and 
may be formed by standard coil winding techniques 
similarly to the motor backiron. The wire thickness 
diameter is determined by the frequency of the input 
and the coil cross sectional area is determined by the 
flux density such that the layers of magnetic material 
contain sufficient volume to prevent saturation. The 
solid square coil 56 can be held together using non- 
conductive clamping bands (not shown) placed under the 
electric coils, while conductive clamping bands 58 can 
be placed outside the electric coils to prevent losses 
xn the clamping bands. The winding is then cut as 
shown at 60 in Figs. 6 and 7, and the primary and 
secondary coils may then be wound on the assembly or 
simply clipped to the assembly as desired. After 
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application of the primary and secondary windings 52 
and 54 respectively, the solid square coil 56 may then 
be secured together along its cut portions to form the 
low loss transformer as shovm in Fig. 4. It should be 
evident that other means of preventing the wrapped 
solid square coil from unwinding may be utilized other 
than the clamps 58 shown. For example, encapsulating 
the formed coils or forming the coil with self bonding 
wire may accomplish the same effect. 

Turning now to Fig. 8, and E-core transformer 
application is shown. The E-core 60 comprises a pair 
of solid square coils similar to that shown in Fig. 4 
which may be manufactured similarly to the transformer 
described with reference to Figs. 4-7. The core 60 
will form a double closed magnetic circuit and may 
present a more efficient design for the transformer. 
The E-core application may be provided with primary and 
secondary windings wrapped in concentric form with the 
primary winding being within the secondary at location 
66 around a portion of each solid square coil 62 and 64 

respectively . 

Similarly, a toroidal core 70 as seen in Fig. 9 
may comprise a multilayer wound thickness of high 
permeability magnetic material wire. Primary and 
secondary windings may be wrapped on opposite sides of 
the toroid 70 to function as a transformer. It should 
be recognized that the applications as described with 
reference to 1-9 are specific examples where the 
magnetic flux return path of the present invention are 
particularly applicable, but other applications wherein 
a magnetic circuit is utilized with a magnetic flux 
return path may be suited to the construction of the 
present invention. The layers of high permeability 
magnetic wire provide ease of construction and 
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substantially minimize losses due to eddy currents or 
hysteresis because of the smaller cross section of wire 
to eddy currents and because of the minimization of 
skin effects associated with high frequencies and 
harmonics. It should be evident that the magnetic flux 
return path can be formed in any desired configuration 
for the particular application while not incurring any 
substaireial Increase in manufacturing cost or 
procedures with such variations. The present invention 
provides a method of producing a magnetic circuit 
element for a broad span of devices which provides very 
low eddy current losses and hysteresis losses 
especially at high frequencies. The individual wires 
and layers of the magnetic flux return path may be 
wrapped or wound in the general direction of the 
desired flux flow but individual layers are also 
tolerant to cross-layer and cross-winding fields. 
Similarly, small gaps will not alter the overall 
efficiency of the return path so long as the crossing 
length is short and packing fraction of the wire layers 
is high. 

The low loss characteristics associated with a 
magnetic flux return path constructed in accordance 
with the present invention can be seen from the 
following example. For a toroidal core design using 
laminations as is conventional in the prior art, at an 
operating frequency of about 20,000 Hz., the design may 
be as follows. The core diameter may be about one inch 
with a core cross section of about 0.1 inches by 0.1 
inches. For laminations having a thickness of 0.010 
inches being a typical thickness, the above core cross- 
section would produce a core weight of about 0.0094 
pounds or 0.0043 kg. If or the flux density in the 
core is limited to 1.2T, the flux return path losses 
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may be calculated in accordance with Equation 1, and 
will be about 101 watts. 

A similar toroidal core design using a magnetic 
flux return path constructed in accordance with the 
present invention may use a flat ribbon wire having a 
thickness of about 0.001 inches and a width of about 
0.025 inches. The toroidal core may be constructed of 
100 layers of four turns each wound on a standard coil 
winding apparatus to form a core diameter of one inch 
with a core cross section of 0.1 inches by 0.1 inches. 
At the operating frequency of 20,000 Hz. and a flux 
density, B^, which is limited to 1.2T, flux return path 
losses for the toroidal core constructed in accordance 
with the present invention will be about four watts, 
which as compared with conventional core constructions 
shows the significant reduction of losses so as to 
provide an efficient, simple and cost effective 
magnetic flux return path construction. 

AS seen in Figs. 10a - lOe, the windings or 
layers of high permeability magnetic material wire can 
be constructed of any wire geometry such as, but not 
limited to, square cross section as seen in Fig. 10a, 
round as seen in Fig. lOb, triangular and seen in Fig. 
lOc, oval as seen in Fig. lOd or flat or ribboned as 
seen in Fig. lOe. It should be recognized that the 
various cross sections of wire as seen in Figs. lOa-lOe 
allow greater packing fraction to be achieved based on 
the cross section with standard coil winding techniques 
or the like. It should also be recognized that 
combinations of various cross sections may be used as 
desired. In some applications, an oxide coating on a 
bare wire may be adequate to provide contact resistance 
to eddy current circulation or a thin non-conductive 
coating on the wire may be us d. The particular cross- 



PCr/US90/07585 

20 



section or combination utilized must only take into 
account the desired core permeability, which is 
dependent upon the packing factor and the material 
permeability itself. Thus, the particular packing 
fraction achievable with any particular cross section 
or winding technique must be taken into consideration 
when determining the overall volume to saturation of 
the magnetic flux return path. 

The present invention has thus been shown to 
provide an efficient and cost effective magnetic flux 
return path assembly which provides great flexibility 
in the design and fabrication thereof. The wire wound 
magnetic flux return path may be used in lieu of 
laminations and will reduce the eddy current and 
hysteresis losses as well as minimize skin effects 
while reducing power consumption in the application* 
By utilizing discrete wires wound in a tight wrapped 
form to generate the magnetic flux return path. The 
number of windings and layers of wires can be easily 
chosen to accommodate the proper flux density to avoid 
magnetic saturation in the device. The dimensions of 
wire can be chosen based upon the flux density and 
frequency of the application and does not require 
directional characteristics due to flow effects as this 
magnetic flux return path relies upon field effects. 
Although various specific embodiments using the 
magnetic flux return path of the invention have been 
set forth, it should be recognized that the flux return 
path may be utilized in other applications and various 
modifications and variations are possible and 
contemplated within the scope of the appended claims. 
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WHAT IS CLAIMED IS: 

1. A low loss magnetic flux return path 
comprising, 

a plurality of discrete windings of magnetic 
material wire positioned in closely adjacent 
relationship to form at least one layer of magnetic 
material extending approximately the length of a 
generated magnetic field, 

the thiclcness of said at least one layer of 
said windings being designed to substantially 
accommodate said magnetic field to avoid magnetic 
saturation, 

wherein said windings will provide a high 
magnetic permeability path for said magnetic field to 
distribute generated magnetic flux with very low eddy 
current or hysteresis losses. 

2. A low loss magnetic flux return path as in 

claim 1, wherein, 

said magnetic material wire is a very small 
dimensional cross section allowing said plurality of 
windings to be formed in a very close packed 
configuration . 

3. A low loss magnetic flux return path as in 

claim 1, wherein, 

eddy currents generated and circulating within 
said magnetic flux return path are carried by each of 
said discrete windings of magnetic material wire to 
minimize losses due to eddy currents. 

4. A low loss magnetic flux return path as in 
claim 3, wherein. 
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the cross section to eddy currents within said 
magnetic flux return path is the cross section of said 
magnetic material wire. 



5 . A low loss magnetic flux return path as in 
claim 1, wherein, 

said plurality of discrete windings are wound 
in the general direction oF t:he desired flow of said 
magnetic flux. 

6. A low loss magnetic flux return path as in 
claim 1, wherein, 

said magnetic material wire is formed of a high 
magnetic permeability material. 

7. A low loss magnetic flux return path as in 
claim 1, wherein, 

said return path is constructed of a plurality 
of layers formed from said plurality of windings in a 
closely packed configuration and the cross section of 
said magnetic material wire is adapted to minimize skin 
effects and to facilitate efficient flux distribution 
in said return path. 

8. A low loss magnetic flux return path as in 
claim 1, wherein, 

said magnetic material wire has a cross 
sectional geometry which allows a high packing fraction 
to be obtained in said at least one layer of said 
discrete windings. 

9. A low loss magnetic flux return path as in 
claim 1, wherein. 
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said return path is used in an electrical or 
electromechanical device utilizing a fluctuating 
magnetic field to distribute flux generated with 
minimized eddy current or hysteresis losses. 

10. A magnetic circuit having a low loss 
magnetic fltix return path comprising, 

a source of varying magnetic field to generat 

magnetic flux, 

a magnetic flux return path positioned in said 
varying magnetic field to channel said magnetic flux 
induced therein by said magnetic field, 

said magnetic flux return path being formed of 
a plurality of discrete windings of an magnetic 
material wire positioned in closely adjacent 
relationship to form at least one layer of magnetic 
material extending approximately the length of said 
magnetic field and having a thickness to substantially 
accommodate said magnetic field and avoid magnetic 
saturation . 

11. A magnetic circuit as in claim 10, 
wherein, 

said source of varying magnetic field comprises 
at least one permanent magnet being rotated, wherein 
said magnetic flux return path is positioned 
circumferentially about said rotating permanent magnet. 

12. A magnetic circuit as in claim 10, 
wherein, 

said source of varying magnetic field is an 
electrical field winding wherein said magnetic flux 
return path is magnetically linked to said winding. 
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13. low loss magnetic flux return path as in 
claim 10, wherein, 

said magnetic material wire is of very small 
dimensional cross section allowing said plurality of 
windings to be formed in a very close packed 
configuration . 

14. A low loss magnetic flux return path as in 
claim 10, wherein, 

eddy currents generated and circulating within 
said magnetic flux return path are carried by each of 
said discrete windings of magnetic material wire to 
minimize losses due to eddy currents, 

15. A low loss magnetic flux return path as in 
claim 14, wherein, 

the cross section to eddy current circulation 
within said magnetic flux return path is the cross 
section of said magnetic material wire. 

16. A low loss magnetic flux return path as in 
claim 10, wherein, 

said plurality of discrete windings are wound 
in the general direction of the desired flow of said 
magnetic flux. 

17. A low loss magnetic flux return path as ir 
claim 10, wherein, 

said magnetic material wire is formed of a hi' ' 
magnetic permeability material. 

18. A low loss magnetic flux return path e * 
claim 10, wherein. 
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said return path is constructed of a plurality 
of layers formed from said plurality of windings in a 
closely packed configuration and the cross section of 
said magnetic material wire is adapted to minimize skin 
effects and to facilitate efficient flux distribution 
in said return path. 

19. A method of forming a low loss magnetic 
flux return path comprising the steps of, 

providing a forming means having a 
predetermined shape for constructing said return path, 

positioning a plurality of discrete magnetic 
material wire windings on said forming means to obtain 
the desired configuration for said return path, 

said step of positioning being continued to 
form a plurality of closely adjacent discrete windings 
into at least one layer extending approximately the 
length of an expected magnetic field having a thickness 
to substantially accommodate said magnetic field. 

20. A method of forming a low loss magnetic 
flux return path as in claim 19, wherein, 

said winding of said magnetic material wire is 
conducted by coil winding techniques to achieve a very 
high packing fraction and allow desired shapes to be 
obtained and varied easily. 
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